It has been shown that when the Gram-positive micro-organisms Bacillus subtilis, Staphylococcus aureus and Streptococcus faecalis were grown under conditions in which their cellular lipid was increased a corresponding increase in their resistance to the penicillins benzylpenicillin, cloxacillin, methicillin and quinacillin was produced. Likewise cell-wall lipid depletion caused a corresponding increase in sensitivity.
INTRODUCTION
Amongst the so-called semi-synthetic penicillins produced by treating a suitable acyl derivative with 6-aminopenicillanic acid the recently described 3-carboxy-2-quinoxalinyl penicillin or quinacillin possesses some unusual properties. Thus, whereas quinacillin is active against staphylococci it is, unlike other penicillins both natural and semi-synthetic, relatively inactive against streptococci, Sarcina Jutea and members of the genus Bacillus. Gram-negative organisms were completely resistant to quinacillin (Richards, Housley & Spooner, 1963) . In a previous study Hugo & Stretton (1964) showed that quinacillin had a typical penicillin-like action in that it promoted the accumulation of acetylamino sugars in growing cultures of Staphylococcus aureus strain Oxford.
Distribution studies using water and chloroform at various pH values showed that, whereas between pH 5.5 and 7.0 benzylpenicillin and phenoxymethylpenicillin were appreciably soluble in chloroform, quinacillin was undetectable in the chloroform layer until pH 2.0 was reached. This finding led to a study of the role of cellular lipids on the sensitivity of bacteria to quinacillin and, for comparison, to benzylpenicjllin, methicillin and cloxacillin. The experimental approach adopted consisted in measuring the minimum inhibitory concentration of four penicillins against three species of Gram-positive bacteria in which the lipid content had been varied by appropriate treatments. Media (a)-(c) were used to enhance the lipid content of the organism, (d)-(h} were designed for diminishing lipid content. All incubation was a t 37".
METHODS

Organisms
For lipase treatment, in addition to growth in the presence of the enzyme, washed suspensions were treated for 2 hr at 37" with the enzyme a t a concentration of 0.01 (pancreatic) and 0.1 (wheat germ) mg./ml. before examination for possible lipid depletion.
Determination of minimum inhibitory concentrations. The minimum inhibitory concentration (MIC) was determined using a tube dilution method with a final inoculum size of lo3 organisms/ml. in the test system. All readings were taken exactly 24 hr from commencement of incubation. The media used were the basal media with the addition, where appropriate, of reagents to maintain the depleted or enhanced lipid content.
Determination of lipid. 1. Total lipid by extraction. Organisms grown on solid medium for 18 hr were harvested by washing with distilled water, centrifuged a t low speed to remove agar and the bacteria collected by centrifugation a t 8000g and thrice washed by the same procedure. The washed bacteria were dried on an aluminium dish to constant weight in a partial vacuum over phosphoric oxide, transferred quantitatively to a Soxhlet apparatus and extracted with chloroform + methanol (2 + 1 by vol.). All solvents used with bacterial lipid contained 0.01 yo butylated hydroxytoluene as an antioxidant. The extract so obtained was quantitatively transferred to an aluminium dish, the solvent allowed to evaporate spontaneously and residual solvent allowed to evaporate in a desiccator under vacuum over phosphoric oxide.
2 . Chromatography of the lipid extracts. Preliminary identification of the components of the extracted lipid was made by thin-layer chromatography on silica gel using chloroform +methanol +water (14 + 6 + 1) for phosphatid components and n-hexane + ether + acetic acid (50 + 50 + 1) for non-phosphatide fractions (Nichols, 1964) . Visualization of the spots in all cases was with iodine vapour (Whitehouse, Bresler & Staple, 1958) . Standards were run at the same time as an aid to identification. A more detailed chromatographic investigation was made by on silicic-M, (f) flavine mononucleotide acid-impregnated paper developed with di-isobutylketone + acetic acid + water (40 + 20 + 3 by vol. ; Marinetti, 1964) .
Identification of the various components was accomplished by the use of appropriate spray reagents : periodate-Schiff's reagent for vicinal-glycol-containing lipids, Dragendorff's reagent for choline, ninhydrin for amino lipids and rhodamine 6 G ( 0 . 0 5~0 in 96% ethanol) followed by examination under ultraviolet light, a procedure which detects lipids generally, but produces different colours according to the type of lipid present. Thus : yellow, lysolecithin; orange, phosphatidyl-and dysophosphatidylethanolamine, neutral lipid; blue, lysophosphatidylserine, phosphatidylglycerol, bis (phosphatidic) acid and phosphatidic acid.
Phosphatidylserine (Koch-Light Ltd.), phosphatidyl ethanolamine (Sigma Chemical Co.) and lecithin, 95-100y0 (British Drug Houses Ltd.), were used as markers or standards. The two latter compounds although not chromatographically pure contained a major component in excess which was taken as the authentic spot. Published Rp values were also used as a further aid to identification ( (1963) showed that if the electrophoretic mobility of bacteria. suspensions was measured and compared with the mobility in the presence of an .anionic surface-active agent such as sodium dodecyl sulphate (SDS) an increase in negative mobility was observed which could be related quantitatively to surface lipid. Measurements were made using the cell and circuit described by McQuillen (1952). The bacteria, after washing three times in buffer, were suspended in phosphate (NaH,PO,/Na,HPO,) buffer pH 7.2 (I = 0.01) at a final concentration of 0.01 mg. dry wt./ml. Mobilities were measured in this system as described by McQuillen and in the same system containing sodium dodecyl sulphate and 1 0 -4~ Where there was a tendency for the bacteria to form clumps the suspension was shaken for a short time with 2 mm. diameter glass beads to obtain a suspension of single organisms necessary for the test.
The overall reproducibility of duplicate mobility measurements made on the same day was & 1 yo and on different days & 3 yo ( P = 0.05). Samples in which the mobility differed by & 10 yo were taken as being significantly different. The lipid content of the bacteria, determined by extraction and/or by mobility measurements in the presence of SDS, increased with each subculture in the presence of glycerol, reaching a maximum at between 10 and 15 subcultures. A subculture rhgime of 10 was adopted for all experiments. Bacteria in which the lipid content had been decreased by lipase or enhanced by glycerol reverted to their normal value after one subculture in the basal medium. Consequently, all measurements on penicillin inhibition were made in the presence of either lipase or glycerol, with appropriate controls which indicated that these additions did not themselves affect penicillin action or growth.
RESULTS
Addition of glycerol 3% to the basic culture medium resulted in an increase in cellular lipids with all the organisms listed under Methods. Treatment with lipase reduced the lipid content of the bacteria. Pancreatic lipase at the concentration used, 0.01 mg./ml., was not inhibitory, but was effective in diminishing cellular lipid; wheat-germ lipase inhibited the growth of Staphylococcus aureus unless the concentration was decreased to 0.05%. In the case of staphylococci producing an extracellular lipase cellular lipid could be increased by adding a lipase inhibitor to the growth medium. It was found that sodium oleate, 20 ,ug./ml., inhibited pancreatic lipase and the lipase present in the culture medium in which S . aurew (Oxford) had been grown. When this amount of sodium oleate was added to culture media in which S . aureus (Oxford) or 8452 were growing, the lipid content and resistance to penicillins was increased. Staphylococcus aureus 1001 10 did not produce an extracellular lipase. Robinson, Brady & Bradley (1963) reported that acriflavine, coenzyme A and flavine mononucleotide inhibited the biosynthesis of fatty acids in enzymes from cat brain and liver. In our hands these reagents a t appropriate concentrations had no detectable effect on the lipid content of the bacterial species used in this study.
Acetate was less effective than glycerol in inducing cellular lipid and was, infact, inhibitory towards the growth of Staphylococcus aureus even at concentrations of 0-5 %. Without exception, but in varying degrees, increasing cellular lipid resulted in an increase in the dose of penicillin required to inhibit growth whereas decrease in lipid produced precisely the opposite effect ( Table 1) . DISCUSSION Quinacillin has been shown to cause the accumulation of N-acetylamino sugars a t concentrations which inhibit cell growth (Hugo & Stretton, 1964) . However, the different pattern of solubility of quinacillin in chloroform when compared with benzylpenicillin or phenoxymethylpenicillin led to the suggestion that cellular lipid may be a factor in determining the susceptibility of bacteria to penicillins or the toxicity of penicillins towards bacteria. Lipid enhancement resulted in a marked increase in the dose to inhibit growth of all the penicillins tested; lipid depletion caused a less well marked but none the less significant increase in sensitivity. Changes in lipid content were also reflected in the appearance of the culture. I n general, with increase in lipid content pellicle formation was either induced or, where already present as in Bacillus subtilis, became thicker and more wax-like. Treatment with lipase abolished pellicle formation in this organism. It was not possible to attribute increase in penicillin resistance to any particular lipid component, since all appeared to increase equally, as assessed by chromatography, during growth in glycerol.
Some evidence that the cellular location of the lipid was the controlling factor was obtained from experiments in which lipid extracted from fattened bacteria was added to cultures of non-fattened bacteria of the same species to give, as near as could be achieved, the same overall lipid content in the system. In these circumstances no increase in resistance to the penicillins could be detected.
The role of drug lipid solubility as measured by chloroform buffer distribution seems to be of small importance as compared with the marked general effect of cell lipid in penicillin resistance. Support for the general hypothesis on the role of lipid comes from a consideration of the difference in sensitivity of Gram-positive and Gram-negative bacteria to penicillin. The former are, in general, sensitive, the
